Abstract: In this paper, the absorbing effectiveness of spherical particle absorber made of cheap Fe-rich hollow cenosphere fly-ash is analyzed. The effects of the diameter of spheres, the number of layer and the stack modes of sphere particle on the absorbing effectiveness were explored. Based on the results, a three-layer structure with mixed sizes of spheres was designed, constructed and tested. Obtained results show that this structure has a maximal reflection loss of 9 dB and the bandwidth being higher than 5 dB is more than 17 GHz. When applying the permittivity of Fe-rich hollow cenosphere fly-ash, and the thickness of absorber is 6.5 cm, the maximal reflection loss is 23 dB and the bandwidth being lower than −10 dB is more than 14 GHz, which covers the C, X and Ku bands. The experimental test proved that the three-layer structure absorber has good absorbing effectiveness.
Introduction
The Fly-ash is a waste and could pollute the environment without any process [1, 2, 3, 4] . Test results of the Fe-rich hollow cenosphere show that it is a kind of dielectric loss material [5, 6, 7] which can be used to design structural absorber. On the other hand, electromagnetic camouflage, the use of electromagnetic shielding, absorption, and enhancement techniques to minimize the possibility of detection and identification of troops, material, equipment, or installations by hostile sensors with radiated electromagnetic wave [8, 9, 10] , is more and more important for electronic equipment of armies, or the building of armies and secret agencies. With the increasing use of wireless telecommunication systems and electronic equipment, the frequencies used for these devices will shift to higher frequencies in the future. As a result, the development of electromagnetic wave absorbers or electromagnetic camouflage projects suitable for high frequencies (for example, higher than 1 GHz) are more and more important. Electromagnetic shielding and absorbing by walls outside the building are widely applied to protect or camouflage electronic equipment. For example, the multilayer-substrate structure walls [11] , the multi-walled carbon nanotubes [12] , or the walls filled by absorption material composed of a multi-layer hollow globule of carbon [13] . These kinds of walls usually have very good absorbing effectiveness. However, their cost is very high, and they are not convenient to be installed to fit the shape of the shielding objects.
In this paper, a new kind of electromagnetic wave absorption walls filled by spherical particle absorber was introduced. The absorber is made of the very cheap fly-ash particles, which are waste and need additional cost to process. By selecting suitable sizes of fly-ash particles according to the analysis, the electromagnetic wave absorption walls were designed by simply stacking different sizes of particles into the frame of the wall.
Numerical simulation results

Structure types
In this paper, three structures of stacks by spherical particles are analyzed. The cubic structure, body-centered cubic structure and three-layer stacked structure, which are shown in Fig. 1(a) , (b) and (c) respectively. For the three-layer stacked structure shown in Fig. 1(c) , the diameters of three layers are choosing to 4:2:1 so the cenospheres can be stacked naturally, with four cenospheres at the lower layer and one cenosphere at the upper layer.
By applying the Floquet's theorem [14] , only the periodic unit cell need to considered. The periodic unit cells of the structures in Fig. 1 are shown in Fig. 2 .
Analysis of absorbing effectiveness affected by structures
Before simulation, it is necessary to note that the spherical particle absorber is applied to absorb electromagnetic waves and they are usually stacked along walls outside the building. Usually the wall of building could reflect part of the electromagnetic waves and be detected by radars and on the other hand, however, not all incident electromagnetic waves are reflected by the wall of building, as perfect conductor done. Therefore, instead of considering real reflection of the wall of building in simulation, a simpler but stricter method is to add a perfect conductor at the opposite side of plane incident wave. In this paper, the perfect conductors are all included in the simulated models and only the reflection coefficient is considered. In FEM calculation, the calculation accuracy is greatly affected by mesh size and mesh quality. Mesh quality can be obtained by element's aspect ratio controlling [3] , on the other hand, finer mesh results more accurate solution but more CPU time and memory are needed. According to error analysis, 0:1 min is a suitable choice of mesh size. In addition, the mesh quality was obtained by element's aspect ratio controlling [15] .
Absorbers with different structures by the same materials could have different absorbing effectiveness. In this paper, three structures are analyzed and simulated. In simulation, all structures have 3 layers. To let all structures have the same equivalent thickness, the sizes of different structures are listed in Table I 
In the simulation, the magnitude of relative complex permittivity is set to be 1.63 and the loss tangent is set to be 0.36 and the relative complex permeability is set to be 1. Fig. 3 shows the simulation results. From Fig. 3 it can be found that three-layer stacked structure has best absorbing effectiveness. As a result, it is taken as the optimal structure in this paper. Fig. 3 shows that the absorbing effectiveness of three-layer stacked structure can reach to 9 dB when the frequency is higher than 8 GHz and the absorbing effectiveness can reach to 7 dB in the whole frequency range 10 GHz∼26 GHz (the bandwidth is 16 GHz). 
Absorbing effectiveness by
Fe-rich hollow cenosphere from flyash In [17] a method was introduced to obtain the Fe-rich hollow cenosphere from flyash. By magnetic separation classification, Fe-rich hollow cenosphere of different sizes could be obtained, which have different permittivity. For example, when magnetic flux density of magnetic separation is 0.05 T, the obtained Fe-rich hollow cenosphere has relative complex permittivity " r 0 between 8:6$9:8 and " r 00 between 1:0$1:9, and relative complex permeability r 0 between 1$1:28 and r 00 between 0$0:25 [17] . By applying the permittivity and permittivity given in [17] when magnetic flux density of magnetic separation is 0.05 T, the absorbing effectiveness of absorber by three-layer stacked structure with selected Fe-rich hollow cenosphere can be calculated. From Table I it can be found that the thickness of three-layer stacked structure is ð2:5 þ 3 ffiffiffiffiffiffiffiffi ffi 1:75 p Þ % 6:5 cm. In the latter simulations, the thickness of absorber wall is set to 6.5 cm. Fig. 4 shows the simulation of reflection in the range of 1 GHz∼18 GHz.
Simulation result shows that when the thickness of three-layer stacked structures by the selected Fe-rich hollow cenosphere reaches to 6.5 cm, the absorbing effectiveness can reach to 10 dB in the whole frequency range 4 GHz∼18 GHz (the bandwidth is larger than 14 GHz when the center frequency is 11 GHz since at this frequency range the reflection is higher than 10 dB), which covers the range of C, X and Ku bands so it is very suitable to use in the walls outside the building to shield for the electromagnetic shielding and absorption. It must be note that at the upper frequency the reflection coefficient is still far below −10 dB so the real bandwidth of this structure must be larger than 14 GHz. However, since the complex permittivity of Fe-rich hollow cenosphere given in [16] and [17] only reaches to 18 GHz, the simulation in this paper is also in this range.
To verify the optimal structure presented in this paper, the real three-layer stacked spherical structures by Fe-rich hollow cenosphere are constructed and tested. Fig. 5(a) shows part of spherical absorbers stacked in a flat box with size 200 mm Ã 200 mm Ã 80 mm, with dry sand filled in the space of absorbers to avoid absorbers moving during measurement. The absorbing effectiveness of stacked structure absorber is measured by arch reflectivity method [18] . Consider the dry sand could also absorb electromagnetic wave, the measure steps are slightly different from that of [18] , i.e., the Pm in [18] is the reflected power of metal plane (ideal reflector), while in this paper it is the reflected power of metal plane with the flat box placed on it. Therefore, the absorbing effectiveness of flat box with dry sand filled in are elimated. By the arch reflectivity method, the absorbing effectiveness of the designed absorber is measured in the frequency range between 1 GHz∼18 GHz, as shown in Fig. 5(b) .
Measured results show that the proposed three-layer stacked spherical absorber by Fe-rich hollow cenosphere has the reflectivity below 10 dB in all 1-18 GHz frequency range, which is even better than the simulation results.
Conclusion
In this paper, the spherical absorber for broadband electromagnetic wave absorbing wall is analyzed, optimized, constructed and tested. Simulation results show that as the size of particle increases, the absorbing effectiveness becomes better. Among the three structures, the three-layer stacked structure has the best absorbing effectiveness when the cheapest Fe-rich hollow cenosphere fly-ash is selected. Simulation results show that the bandwidth higher than 10 dB of absorbing effectiveness by a kind of Fe-rich hollow cenosphere got from magnetic separation is larger than 14 GHz (4 GHz∼18 GHz in the whole simulation frequency range 1 GHz∼18 GHz), which covers the range of C, X and Ku bands. Experimental results from the three-layer stacked spherical absorber made of Fe-rich hollow cenospheres show that its reflectivity is below 10 dB in the range of 1-18 GHz, which is very suitable to be used as high effective absorbing material. 
